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ABSTRACT  7 
Sugar cane biomass is one of the most viable feedstock for the production of 8 
renewable fuels and chemicals. Therefore, processing the whole of crop (WC) (i.e., stalk and 9 
trash, instead of stalk only) will increase the amount of available biomass for this purpose. 10 
However, effective clarification of juice expressed from WC for raw sugar manufacture is a 11 
major challenge because of the amounts and types of non-sucrose impurities (e.g., 12 
polysaccharides, inorganics, proteins, etc) present. Calcium phosphate flocs are important 13 
during sugar cane juice clarification because they are responsible for the removal of 14 
impurities. Therefore, to gain a better understanding of the role of calcium phosphate flocs 15 
during the juice clarification process, the effect of impurities on the physicochemical 16 
properties of calcium phosphate flocs were examined using small angle laser light scattering 17 
technique, attenuated total reflectance Fourier transformed infrared spectroscopy, and X-ray 18 
powder diffraction. Results on synthetic sugar juice solutions showed that the presence of 19 
SiO2 and Na+ ions affected floc size and floc structure. Starch and phosphate ions did not 20 
affect the floc structure, however, the former reduced the floc size, while the latter increased 21 
the floc size. The study revealed that high levels of Na+ ions would negatively impact on the 22 
clarification process the most, as they would reduce the amount of suspended particles 23 
trapped by the flocs. A complementary study on prepared WC juice using cold and 24 
cold/intermediate liming techniques was conducted. The study demonstrated that, in 25 
comparison to the one-stage (i.e., conventional) clarification process, a two-stage clarification 26 
process using cold liming removed more polysaccharides (≤ 19%), proteins (≤ 82%), 27 
phosphorus (≤ 53%), and SiO2 (≤ 23%) in WC juice but increased Ca2+ (≤ 136%) and sulfur 28 
(≤ 200%).  29 
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INTRODUCTION 33 
There has been substantial interest within the sugar cane industry in product 34 
diversification as a means to reduce the impact of fluctuating sugar price, and the decline in 35 
the amount sugar cane produced due to loss of cane land for other purposes. In particular, the 36 
industry is looking at increasing fibrous residues (i.e., bagasse) for cogeneration of electricity 37 
and the production of biocommodities, as these are complementary to the core process of 38 
sugar manufacture. One way to increase the amount of fibrous residues is to process sugar 39 
cane trash in conjunction with the stalk (by harvesting the whole of crop, viz. WC). The 40 
resulting residues will be centrally located in sugar factories and the costs associated with 41 
collection, handling, and transportation are minimised. Another advantage to using WC as a 42 
feedstock for the production of biocommodities (e.g., transportation fuels and chemicals) is 43 
that particle size reduction has already been achieved during the milling process and over 44 
75% of the fibre is in the range of less than 4 mm in length.1 However, significant problems 45 
arise when processing juice expressed from WC for raw sugar manufacture. This is because 46 
juice expressed from WC has a higher ratio of both soluble and insoluble impurities (e.g., 47 
soil, polysaccharides, proteins, inorganic ions, organic acids and starch) to sucrose, which 48 
adversely affect the various stages of the manufacturing process. 49 
The processing of juice expressed from WC not only reduces sugar milling efficiency, 50 
but also reduces the quality of raw sugar produced.2–3 Additionally, the poor quality of 51 
clarified juice (CJ) increases the scaling of the evaporators and pans, and also increases the 52 
proportion of sucrose lost to final molasses.4–5 Recent work by the authors6–7 on juice 53 
expressed from green cane containing only half of the initial trash present (GE) confirmed the 54 
issues highlighted by the previous authors4–5 but noted that satisfactory clarification (i.e., 55 
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separation of solid from liquid) performance can be achieved with juices expressed from 56 
green sugar cane containing less than 50% trash.6  57 
The conventional method for juice clarification in Australian sugar factories is termed 58 
simple defecation. In the defecation process, macerated water is added to mixed juice (MJ) to 59 
increase sugar extraction and is then heated from ~35 °C to ~76 C before the juice is 60 
incubated to remove starch. Incubated juice is termed secondary juice (SJ). Lime, either as 61 
milk of lime or lime saccharate, is added to SJ to: (i) neutralise the acids and raise the juice 62 
pH from ~5.5 to 7.8; (ii) minimise sucrose loss to inversion; and (iii) supply free Ca2+ ions, 63 
which react with the inorganic phosphate present in juice to form various types of calcium 64 
phosphates. The fine particles of calcium phosphate precipitate carry positive charges which 65 
neutralise the negative charges on the surface of the other particles in solution, and thus 66 
enhance the coagulation of particles to form aggregates and flocs.8  67 
Deben9 reported that the precipitation of calcium phosphates in sugar cane juice 68 
occurs from the initial reaction shown in Equation 1. The formation of insoluble and unstable 69 
dicalcium phosphate in water results in the formation of intermediate calcium phosphate 70 
phases and ultimately apatite (e.g., hydroxyapatite, HAP), the most stable form of calcium 71 
phosphate.  The following equations9 show the compounds formed between free calcium and 72 
phosphoric acid under slightly alkaline conditions: 73 
Ca2+(aq) + HPO42–(aq)   CaHPO4 (s)  (dicalcium phosphate)                                      (1) 74 
Ca2+(aq) + 2H2PO4– (aq)  Ca(H2PO4)2 (s)  (monocalcium phosphate)                                (2) 75 
3Ca2+(aq) + 2PO43–(aq)  Ca3(PO4)2 (s)  (tricalcium phosphate)                                      (3) 76 
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2CaHPO4(aq) + 2Ca3(PO4)2 (s)  Ca8H2(PO4)4 (s)  (octacalcium phosphate)              (4) 77 
Ca3(PO4)2(aq)+2Ca2+(aq)+HPO42–(aq) +H2O (l) Ca5(PO4)3OH(s)+2H+(aq) (hydroxyapatite)  78 
(5) 79 
Amorphous tricalcium phosphate is the main compound that forms flocs in aqueous systems, 80 
including sugar solutions.9 81 
The physicochemical properties of flocs influence the efficacy of solid-liquid 82 
separation processes. Colloidal particles in an aqueous solution are charged as a result of the 83 
dissociation of surface groups or adsorption of ions in solution, resulting in the electrical 84 
double layer surrounding the particle.10 The electrical double layer of particles governs the 85 
electrostatic attraction between charged particles and determines the extent of floc formation. 86 
The nature and structure of flocs formed in an aqueous solution dictate how effective the 87 
solid-liquid separation process are in relation to floc size and settling velocity.11 Loosely held 88 
or more open floc structures have fractal dimensions in the range of 1.6 to 2.4.12 On the other 89 
hand, compact structures have fractal dimension values in the range of 2.5 to 3.0.13–14 90 
Generally, flocs with fractal dimension in the range of 2.0 to 2.5 13–14 are effective in trapping 91 
suspended particles and the adsorption of particles onto to the floc network13–14 (Figure 1), if 92 
the effect of impurities in the matrix is neglected. As such, it was hypothesised that 93 
examining the effect of impurities on floc structure and size would provide information on 94 
strategies that could be adopted to improve solid-liquid separation processes in sugar and 95 
other systems. Typically, the floc structure is characterized by the fractal dimension, 96 
however, the measurement of size of primary particles are not directly proportional to the 97 
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wavelength of the incident light, which consequently voids the Rayleigh-Gans-Debye (RGD) 98 
theory. In this current study, the term ‘scattering exponent’ is used.  99 
Studies on the various phases of calcium phosphate precipitates formed in sugar 100 
solutions have been reported to provide information on the mechanism of calcium phosphate 101 
formation and on the clarification process.15-17 Greenwood et al.15 studied the size and 102 
structural properties of calcium phosphate flocs formed in simple synthetic juice solutions 103 
using light scattering techniques. These flocs were reported to have scattering exponents 104 
(which are qualitative representations of the floc structures)15 between 1.97 and 2.76, and 105 
average sizes of between 10.4 and 17.5 m. Following the work conducted by Greenwood et 106 
al.15, the present study examined the effect of starch, Na+ ions, SiO2, and phosphate ion 107 
concentrations on floc structure and size of calcium phosphate particles formed in synthetic 108 
sugar solutions. These constituents were examined using small angle laser light scattering 109 
technique, X-ray powder diffraction (XRD), and attenuated total reflectance Fourier 110 
transformed infrared (ATR-FTIR) spectroscopy. The investigations were conducted to 111 
provide explanations on how certain impurities influence the properties of calcium phosphate 112 
flocs, and hence on the clarification process of sugar cane juice. On the basis of the 113 
information derived from the initial study, further clarification studies were conducted using 114 
both cold and cold/intermediate liming techniques on juice expressed from prepared WC. 115 
These two liming techniques produce calcium phosphate flocs with different properties.18 In 116 
addition, one-stage (i.e., conventional) and two-stage clarification processes using these 117 
techniques were examined.   118 
MATERIALS AND METHODS 119 
8 
 
Preparation of synthetic cane juices 120 
The composition of the synthetic juice solution used in the study is shown in Table 1. 121 
Sucrose (Sigma-Aldrich, Castle Hill, NSW, Australia), equivalent to 120 mg/kg, and Milli-Q 122 
water were used to prepare the solutions. Also proportions of Ca(OH)2, Mg(SO)4·7H2O, 123 
KH2PO4, and aconitic acid (Chem-Supply, Gillman, SA, Australia), and dextran, NaCl, and 124 
NaSiO3·5H2O (Sigma Aldrich, Sydney, Australia), and AR grade soluble starch (Ajax 125 
Finechem, Seven Hills, NSW, Australia) were added to prepare the synthetic juice solution. 126 
Varying amounts of Na+ ions, SiO2, phosphate ions, and starch were added to the synthetic 127 
juice solution prior to liming to examine the influence of each component on the structure 128 
and size of calcium phosphate. For the addition of SiO2, a correction was made to account for 129 
the total amount of Na+ ions, as it was added in the form of NaSiO3·5H2O. Lime saccharate 130 
was prepared with 725 mg/kg of sucrose and 50 mg/kg of Ca(OH)2. This solution was used in 131 
the synthetic juice solution studies. 132 
Preparation of raw cane juices 133 
Tully Sugar factory (Queensland, Australia) processed mechanically harvested green 134 
cane with all of the trash removed during the August–September 2012 crushing season. 135 
Factory juice (SJ) was collected directly from the incubator tank (76 °C) prior to the 136 
clarification process. Juice samples were collected every 0.5 h for 3 h and composite samples 137 
was prepared to reduce the variability of the data. It was necessary to maintain the 138 
temperature of the collected juices at 76 °C in order to avoid changes in the juice properties.  139 
None of the sugar factories in Australia were processing WC at the time of the present 140 
study, thus, WC juice was not available. As a result, synthetic WC juice was prepared by 141 
mixing 850 mL of SJ juice with 150 mL of juice expressed from trash, for each clarification 142 
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test. Several sugar cane plants in the fields in the vicinity of the Tully Sugar factory were 143 
hand-cut to obtain sugar cane trash. The trash was fibrillated using a cutter grinder, and the 144 
juice expressed using a 20 tonne hydraulic press unit (Carolina Industrial Equipment, North 145 
Carolina, USA). 146 
Clarification procedure 147 
Clarification experiments (by sedimentation) were conducted using settling tubes (60 148 
mm diameter, 460 mm high) in a Sugar Research Institute (SRI) designed heated illuminated 149 
batch settling kit.19 Each tube was calibrated 0–400 mm with a 400 mm settling depth and 150 
volume of ~1.0 L. Samples of sugar cane juices were clarified immediately after collection 151 
from the sugar factory. One-stage (i.e., conventional) and two-stage clarification processes 152 
were conducted to determine which process produces juice of better quality and fast settling 153 
juice flocs. The lime saccharate used was a mixture of 100 g of a 200 g/kg solution of 154 
calcium oxide and 100 g of 68 brix factory syrup. The pH of the juices was measured using a 155 
portable pH meter (Hach H160, Cleveland, CO, USA) with a glass probe (Model 93156 
218814, Eutech Instruments, Singapore) and high temperature probe (EC-FG-7350401B, 157 
Eutech Instruments, Singapore).  158 
Two liming techniques (cold and cold/intermediate) were selected for this study. Cold 159 
liming for the one-stage process was performed as follows; lime saccharate was added to 160 
juice (50–55 °C) to provide free calcium ions, which reacted with the inorganic phosphates in 161 
the juice to form the calcium phosphate flocs. Enough lime saccharate was added to 162 
neutralise the juice to pH 7.1/7.8 (to examine the effect pH on turbidity and Ca2+ ion levels). 163 
The juice was heated to 76 °C then boiled at ~100 °C to remove entrained air which can 164 
interfere with floc settling. A dose of 5 mg/kg of flocculant, poly(acrylamide-co-sodium 165 
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acrylate) polymer (Magnafloc LT27 with a degree of hydrolysis of 27%,, TD Chemicals, 166 
Robina, QLD, Australia), was added to the juice to bridge the calcium phosphate flocs, 167 
enhance agglomeration, and improve sedimentation. After 30 min of quiescent settling, the 168 
samples of clarified juice (CJ) were siphoned from the settling tubes for subsequent analyses. 169 
The experiments were performed in duplicate. For the cold/intermediate liming technique, the 170 
following modifications were made; juice was limed to pH 6.2 at 52 °C then heated 76 °C 171 
and further limed to pH 7.1/7.8. The limed juice was then boiled at ~100 °C. The juice was 172 
then processed in a similar fashion as the cold liming technique. 173 
The two-stage clarification process involved heating the juice (60 °C) followed by 174 
lowering the juice pH to 3.5 using 2 M H2SO4 (Ajax Finechem, Seven Hills, NSW, Australia) 175 
to facilitate precipitation of proteins and polysaccharides. A highly charged cationic 176 
coagulant (10 mg/kg, Magnafloc LT525 with a degree of hydrolysis of 46%, Chemiplas 177 
Australia Pty Ltd, East Melbourne, VIC, Australia) was also added to aid the precipitation 178 
process. After sedimentation, the supernatant, Stage 1 juice, was collected for further 179 
clarification.  The Stage 1 juice was clarified using the process described for the one-stage 180 
normal clarification process.  The pH of the juice was limed to pH 7.1/7.8.  Both the cold 181 
liming and the cold/intermediate liming techniques were performed for the one-stage 182 
clarification process. All clarified juice samples were stored at –20 °C and thawed prior to 183 
compositional analyses.  184 
The settling rate of calcium phosphate flocs provides a good indication of how 185 
effective the flocs settle. It was determined by measuring the level of the mud interface at 0.5, 186 
1.0, 2.0, 3.0, 4.0 and 5 min. The initial settling rate (cm/min) was obtained from the graphical 187 
analysis of the initial linear slope. 188 
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The final mud level was determined after 30 min of sedimentation by visual 189 
assessment, recording the height of the interface where the boundary line between the solid 190 
and liquid phase is evident. As the settled flocs were unstirred, the final mud levels were not 191 
indicative of values obtained in commercial clarifiers. 192 
The turbidity of CJ was determined by measuring the absorbance (A) at 900 nm in 1 193 
cm cuvette cells against Milli-Q water20 using a Cintra 40 double-beam UV-visible 194 
spectrophotometer (GBC Scientific Equipment Pty. Ltd., Braeside, VIC, Australia). The 195 
turbidity was measured in triplicate and calculated as 100×A. The error for turbidity 196 
determination was ± 0.5%. 197 
Compositional analyses 198 
The total soluble solids (i.e., the Brix of the juice) was determined using a digital 199 
refractometer (RFM 342, Bellingham and Stanley Ltd., London, UK) accurate to ±0.01° Brix. 200 
Total soluble polysaccharides were calculated based on the procedure described by Roberts21. 201 
Proteins were isolated from the organic sugarcane juice by gel filtration using PD-10 202 
desalting columns pre-packed with Sephadex G–25 (GE Healthcare, Rydalmere, NSW, 203 
Australia) and the concentration was measured using the BCA protein assay kit (Thermo 204 
Scientific, Scoresby, VIC, Australia). Percentage sucrose, glucose and fructose present in the 205 
samples were determined using a Waters (Milford, MA, USA) high performance ion 206 
chromatography system coupled to an electrochemical detector (Model 2465, Waters), a 207 
pump (Model 626, Waters) and a controller (Model 600S, Waters). The carbohydrates were 208 
separated using a CarboPac PA-1 column (4 x 250 mm, Dionex, Idstein, Germany). The 209 
samples for HPIC analysis were prepared using ICUMSA Method GS7/8/4-24.22 Inorganic 210 
ions were determined using a Varian Vista-MPX CCD simultaneous inductively coupled 211 
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argon plasma optical emission spectrometer (ICP-OES, Varian Inc., Mulgrave, VIC, 212 
Australia). All measurements were conducted in triplicate. 213 
Floc size and structure  214 
The synthetic juice test solutions were heated to 76 °C in a temperature controlled 215 
water bath. Once the temperature was stabilised, lime saccharate was added to raise the pH to 216 
7.8 ± 0.05. Floc size and structure measurements were conducted on-line using the small 217 
angle laser light scattering instrument (Malvern Mastersizer S Particle Analyser, Malvern 218 
Instruments, Southborough, MA, USA) using a circulation system (Figure 2). The inlet and 219 
outlet tubes were placed in the beaker of hot synthetic sugar solution. A peristaltic pump was 220 
used to deliver the solution through the tubes to flow through the flow cell. The gentle action 221 
of the peristaltic pump ensured minimum break-up of the aggregates while maintaining them 222 
in suspension. Pure sugar solution (maintained at 94 °C) was used to preheat the instrument. 223 
The silicon lines and top of the flow cell were insulated.  224 
Prior to measurements, the alignment and background readings for the Mastersizer 225 
were conducted using Milli-Q water.  Measurements were taken every 30 s for 5 mins and all 226 
measurements were repeated 10 times during each sequence to ensure that consistent results 227 
were obtained.  228 
The floc structure (i.e., compactness), represented as the scattering exponent, was 229 
calculated (please refer to supporting information) using the Rayleigh-Gans-Debye (RGD) 230 
scattering theory and by constructing a log-log plot of scattered light intensity versus 231 
scattering momentum.23  232 
The measurement of particle size was within the range of 0.05 to 900 µm. The 233 
instrument consisted of a He-Ne laser light (λ = 632.8 nm) as the light source and an optic 234 
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lens and photosensitive detectors. The scattered light was collected at angles between 0° and 235 
46°. An integration time of 40 s per curve was selected to provide both optimum rate of 236 
measurement and data quality. The light obscuration level of the samples was maintained 237 
between 10% and 30% to enhance the reliability of the measurements, and aliquots of the 238 
samples were injected into a small dispersion unit containing Milli-Q water. The variability in 239 
the scattering exponent for these measurements was generally  0.05 and for the average size 240 
distribution, the variability was  50 µm. 241 
The X-ray powder diffraction (XRD) patterns were obtained for the calcium 242 
phosphate flocs using a PANalytical X’Pert MPD with CuKα radiation of wavelength 1.5418 243 
Å. 244 
Infrared spectra were collected using a Nicolet 870 Nexus Fourier transform infrared 245 
(FTIR) spectrometer equipped with an attenuated total reflection accessory (Madison, WI 246 
USA).  Spectra were collected in the spectral range of 4000 to 440 cm–1 and were the average 247 
of 64 scans at a resolution of 4 cm–1. The spectra were plotted using the Galactic 187 248 
Industries Corporation GRAMS/32 software package (Salem, NH, USA). The final FTIR 249 
spectra were normalised with respect to the reference peak located at 1007 cm–1. 250 
RESULTS AND DISCUSSION 251 
Effect of sodium on calcium phosphate flocs 252 
 The scattering exponent and average size of the flocs formed in the presence of Na+ 253 
ions are shown in Table 2. A linear decrease in the scattering exponent (2.50 to 2.25) with 254 
increasing Na+ ion concentration is attributable to the increasing formation of looser flocs. 255 
Looser flocs exhibit lower packing density, and hence slower settling rates. The changes in 256 
floc structure with increasing Na+ concentration may be associated with the dispersive 257 
14 
 
properties of Na+ ions.24 The floc size increased to a maximum of 280 µm before slightly 258 
dropping and levelling off. The general increase in size may be due to electrostatic repulsion 259 
between calcium phosphate particles and or electrostatic repulsion between the microflocs 260 
because of the dispersive action of Na+ ions.24 261 
Effect of silica on calcium phosphate flocs 262 
 The effect of SiO2 on the size and structure of the primary flocs formed in the 263 
synthetic cane juice solutions are also presented in Table 2. Increasing the SiO2 concentration 264 
generally decreased the scattering exponent. This trend is similar to that obtained with the 265 
Na+ ions. However, the drop in the scattering exponent value with increasing SiO2 266 
concentration was not as distinct as that obtained with Na+ ions. The decline in the scattering 267 
exponent is likely to be, in part, be due to increasing Na+ concentration in solution, as SiO2 268 
was added in the form of NaSiO35H2O. However, the absolute scattering exponent values 269 
where higher with the addition of SiO2 relative to situations where Na+ ions were added, 270 
possibly indicating that SiO2 has less of an impact than Na+ ions on floc structure. The size of 271 
the calcium phosphate flocs peaked at approximately 380 µm at 100 mg/kg, and then 272 
declined with increasing SiO2 concentration. The reason for this is not known. 273 
Effect of phosphate on calcium phosphate flocs 274 
 Floc structure was not influenced by phosphate addition; however, the size of calcium 275 
phosphate flocs significantly increased from approximately 220 μm to 380 μm when more 276 
than 350 mg/kg P2O5 was added compared to adding 300 mg/kg P2O5 (Table 2). Supplying 277 
phosphoric acid to the sugar solution provided additional phosphate ions, which interacted 278 
with calcium ions from lime saccharate and resulted in an increase in the growth of calcium 279 
phosphate particles. The results show that there is a wide P2O5 range where there is 280 
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stabilization of floc structure. It is unclear whether the stabilization is due to the changes in 281 
surface charge of the calcium phosphate, via changes in proportion of the phases that 282 
constitute the floc.9  In a typical clarification process in a sugar factory, juice phosphate 283 
concentration above 300 mg/kg as P2O5 does not influence clarification performance 284 
significantly.9 285 
Effects of starch on calcium phosphate flocs 286 
 As shown in Table 2, increasing the amount of starch did not change the floc 287 
structure, but slightly affected the floc size. At the lowest dosage of starch (100 mg/kg), the 288 
floc size of the formed flocs was 390 µm. Increasing starch concentration to 500 mg/kg 289 
dropped the size to approximately 270 µm. The reduction in floc size may be associated with 290 
starch molecules adhering to the surface of micro-flocs inhibiting growth, without affecting 291 
packing arrangement.25 Starch molecules when present in significant extent in juice does 292 
affect sugar crystallisation, so the same may occur with calcium phosphate.25 293 
X-ray powder diffraction results 294 
X-ray powder diffraction was used to identify the phases of calcium phosphate 295 
precipitates formed in the presence of Na+ ions and starch, as these two components were 296 
shown to most strongly influence the scattering exponent and size of flocs. The X-ray powder 297 
diffraction patterns of selected precipitates are shown in Figure 3. Calcite (2, 23.06°, 29.46°, 298 
35.98°, 39.46°, 43.18°, 47.54°, 48.56°, and 57.40°) is the main crystal phase in all of the 299 
samples. The prominent halo in the 2 region between 26° and 36° is characteristic of an 300 
amorphous compound,26 which is presumably calcium phosphate, since energy dispersive 301 
spectroscopy gave a mass ratio of Ca to P similar to that of tricalcium phosphate. As was 302 
reported for SiO2, the variation in the size of the halo may be a representation of the variation 303 
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of the inter-atomic distances between P−O−P structural units, which is related to the 304 
arrangement of the phosphorus molecules.14  305 
The addition of phosphate broadens the X-ray powder diffraction halo relative to the 306 
control indicating that the calcium phosphate phase is far less ordered (smaller particles i.e., 307 
more amorphous) than that of the control. The increased amorphous nature of the calcium 308 
phosphate particles will increase the amount of impurities removed because of an increase in 309 
surface area.18 310 
The crystalline peaks associated with starch at 2 values of 15° and 17°, which is 311 
typical of the A-type pattern,25 are highest when an increasing amount of starch was added 312 
prior to lime neutralization and lowest where the Na+ level was increased prior to 313 
neutralization. Starch is electronegative so cations attract starch hydroxyl groups and 314 
destabilizes starch granules while anions tend to repel starch hydroxyl groups and stabilize 315 
starch granules.27 Chiotelli27 and co-workers postulated that Na+ ions tend to penetrate starch 316 
granules and replace hydrogen ions, which reduces the water phase. When the electrostatic 317 
driving force of the anions in solution exceeds the repulsive force associated with the Na+ 318 
ions, the anions enter the starch granule and rupture the hydrogen bond between starch 319 
molecules.  This results in gelatinization, and so the amount of starch trapped (or rather 320 
removed) by the calcium phosphate flocs is reduced. The presence of starch in sugar cane 321 
juice processed in the factory can create boiling and viscosity problems, filterability 322 
impairment, and poor molasses exhaustion.28 As a consequence, high levels of Na+ ions in 323 
juice have two negative effects on clarification: (i) increasing the amount of starch molecules 324 
present in the CJ and (ii) loosening the floc structure, thereby reducing the amount of 325 
suspended particles not trapped by the flocs.12 326 
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Attenuated Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) 327 
The ATR-FTIR spectra of calcium phosphate precipitate formed in the control 328 
synthetic juice, and in the presence of starch, SiO2, NaCl, and phosphate are shown in Figure 329 
4. The broad band observed at 3325 cm–1 is associated with the OH group stretch vibration 330 
of calcium phosphate.29 The presence of adsorbed water may also be associated with this 331 
peak. Figure 4 (i) shows that the addition of SiO2 significantly reduced the intensity of this 332 
broad peak. This peak was also reduced, albeit to a lesser extent, for the calcium phosphate 333 
precipitates derived from the synthetic juice in the presence of NaCl and phosphate ions. It is 334 
therefore likely that these added compounds affect the properties of calcium phosphate at 335 
differing extents. The band at 2932 cm–1 is related to the C−H stretching vibration of methyl 336 
groups, which is related to the presence of starch and/or dextran.30 From Figure 4 (i), the 337 
intensity of this peak is highest in the synthetic juice obtained in the presence of starch 338 
(Figure 4 (i) b) followed by the control (Figure 4 (i) a) in comparison to the intensities of the 339 
other samples. This confirms that the addition of phosphate, NaCl, and SiO2 reduces the 340 
amount of starch trapped by the calcium phosphate flocs. 341 
The peak detected at 1643 cm–1 in the spectra (Figure 4 (ii)) is correlated to the H−O−H 342 
symmetric bending vibration.31 The bands observed at 1457, 1416, and 876 cm–1 are derived 343 
from two anti-symmetric stretching and bending vibration of CO32–, respectively. The 344 
presence of these peaks are due to the formation of CaCO3.32 The partially resolved shoulder 345 
at 1336 cm–1 detected from the control and synthetic juice, in which starch was added, is 346 
assigned to the C−H bending of CH2 groups in starch.30 This peak was not detected in the 347 
spectra obtained from the analysis of other samples. The other peaks present as shoulders at 348 
1143, 1074, and 934 cm–1, characteristic of starch, were detected in the control (Figure 4(ii) 349 
18 
 
a) and calcium phosphate sample (Figure 4(ii) b). These peaks are associated with C−O, C−C 350 
stretching, C−O−H bending, and C−O−C vibrations in starch molecular structure 351 
respectively.29 Each spectrum shown in Figure 4 (ii), reveals an intense peak between 1200 352 
and 896 cm–1, which is related to P−O stretching derived from the phosphate group.32 The 353 
position of this peak shifted in the spectra of the samples, which may be related to the added 354 
salt during flocculation and the change in crystallinity of the calcium phosphate floc. In 355 
summary, the results obtained using ATR-FTIR correlates with the XRD data, in terms of the 356 
relative proportions of starch in the various calcium phosphate samples. The calcium 357 
phosphate flocs are not effective in trapping starch molecules. However, increasing the 358 
concentration of phosphate increases the floc size and presumably the amount of flocs formed 359 
to improve clarification performance.6 Thai et al.6 investigated the clarification performance 360 
of sugar cane juice derived from burnt cane (BE) and green cane with half of the trash 361 
removed (GE) and concluded that the latter can be clarified with acceptable juice turbidity 362 
when up to 100 mg/kg of P2O5 is added. 363 
Clarification of sugar cane juice derived from whole sugar cane crop 364 
 The compositions of sugar cane juices obtained from the factory (SJ), and those 365 
prepared from factory juice and hand cut trash material (prepared WC) are shown in Table 3. 366 
The inclusion of juice derived from trash contributed significantly to the level of soluble 367 
proteins, polysaccharides, reducing sugars, calcium, phosphate, magnesium, and silicon ions.  368 
The polysaccharide content of juice derived from WC was higher than that of SJ by 369 
~36% (Table 3). Starch, polysaccharides and proteins are polar, thus would influence the 370 
coagulation and flocculation processes of juice particles and their floccing ability.18 371 
Furthermore, if a higher proportion of these impurities are carried through the various 372 
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processing stages they would increase the viscosity of molasses (sugar syrup), reduce the rate 373 
of sucrose crystallization, and produce coloured compounds.33 374 
The results of the soluble inorganic ions, (Table 3) show that Ca2+ and phosphate 375 
contents in the WC juices were higher than the SJ by ~30% and ~52%, respectively. As a 376 
result, Ca2+ and phosphate ions are expected to increase the coagulation of WC juice 377 
particles, and hence improve clarification compared to juice expressed from SJ. However, it 378 
is important to note that the proportion of Ca2+ ions in WC juice that takes part in particle 379 
aggregation is not known.24   380 
Clarification performance 381 
As shown in Table 3, the one-stage (i.e., conventional) clarification processes using 382 
cold and cold/intermediate liming resulted in relatively high CJ turbidities of 15.7 NTU and 383 
29.0 NTU respectively. For good clarification, this value is usually less than 20 NTU under 384 
Australian conditions.34  In the two-stage clarification process (with or without LT525 385 
addition), the cold liming technique improved CJ turbidity by 67–69% in comparison to the 386 
one-stage clarification process. With this process, cold liming gave lower CJ turbidities than 387 
the cold/intermediate liming technique. 388 
The one-stage clarification process (both cold and cold/intermediate liming 389 
techniques) resulted in the formation of fine and small flocs (Table 3), which led to slow to 390 
moderate settling rates of the particles during sedimentation, similar to the results obtained by 391 
Kent et al.35 Mud compaction was very poor at 30% for the cold liming technique. This will 392 
have implication with the clarifier size and the pol loss during mud filtration. If this liming 393 
process is to be adopted, then a suitable flocculant must be identified to improve mud 394 
compaction and reduce juice turbidity.  However, the level of mud compaction reduced by 395 
20 
 
half when the juice was treated using cold/intermediate liming.  Again, a suitable flocculant 396 
should be identified if the process is to be used commercially. 397 
In the two-stage process, the formed flocs, in the second stage were significantly 398 
larger in size (than those formed in the one-stage process) but floated, rather than settled. The 399 
reason for this is that a significant portion of heavy insoluble impurities were removed during 400 
the first stage of the two-stage process which would have assisted floc densification in the 401 
second stage of the process. An alternative method to gravity sedimentation is to use 402 
dissolved air flotation (DAF) system. This will readily remove the floating flocs.  The DAF 403 
method is used in syrup clarification, and is an efficient, practical, and reliable separation 404 
method for the removal of impurities.36  405 
Significant protein removal was achieved when the juice was cold-limed as part of a 406 
two-stage clarification process (Table 3). The protein level in the CJ was remarkably low 407 
with 82% removed using the two-stage clarification process and 60% with the one-stage 408 
clarification process. The significantly higher amount of proteins removed in CJ obtained by 409 
the two-stage clarification process was a result of their partial removal during the pre-410 
treatment step (i.e., stage one). Polysaccharide removal was highest when the juice was cold 411 
limed. Liming to a lower pH level of 7.1 (instead of 7.8) reduced the proportion of the protein 412 
and polysaccharide contents in CJ. The reason for this is not known.  It was observed that 413 
there was no benefit in using the coagulant during the first stage of the two-stage process. 414 
Amino acids formed by protein denaturation in sugar cane juice reacts with reducing 415 
sugars (e.g., glucose and fructose) via the Maillard reaction to form undesirable high 416 
molecular weight dark coloured compounds that become incorporated into the sucrose 417 
crystals.37 Thus, the two-stage process, which reduced proteins (and polysaccharides) may 418 
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thus affect the proportions of colored bodies formed during sugar manufacturing. Previous 419 
studies by Lindeman and O’Shea38–39 revealed a strong association between coloured 420 
compounds and polysaccharides in sucrose crystals.  421 
In comparison to the one-stage clarification process, the two-stage clarification 422 
process resulted in CJ with higher reducing sugar content by ≤ 28% (≥ 2.0% on dry solids) 423 
and sucrose levels were lower by ≤ 4.5% (~93% on dry solids) (please refer to supporting 424 
information for glucose, fructose, and sucrose concentrations in WC juices). The results 425 
showed that sucrose degradation occurred, due to the use of acid to drop the juice pH to 3.5 426 
during the pre-treatment step. 427 
Table 3 shows that lime consumption was notably higher using the cold/intermediate 428 
liming technique than cold liming, because additional lime saccharate was required for 429 
neutralization.  There were no changes in the proportion of Mg2+ ion concentrations 430 
irrespective of liming technique or clarification process. In general, cold liming resulted in 431 
lower inorganic ion levels than the cold/intermediate liming technique. For both cold and 432 
cold/intermediate liming techniques, there was an improved removal of phosphate and silicon 433 
using the two-stage clarification process compared to the one-stage clarification process by ≤ 434 
53% and ≤ 23%, respectively, whereas, Ca2+ and sulfur levels were considerably higher by ≤ 435 
136% and ≤ 200%, respectively. The higher the sulfur content in juice treated using the dual 436 
clarification process is due to the addition of H2SO4 during pre-treatment. 437 
The high levels of these inorganic components particularly Ca2+, phosphate, silicon, 438 
and sulfur will cause severe scaling in the evaporators,40 as they are significantly higher than 439 
those present in burnt cane or green cane with the trash removed.6 With the one-stage 440 
clarification process, predominantly calcium phosphate and silica scale (neglecting the 441 
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contribution from calcium oxalate) will be deposited in the evaporators, and the proportion 442 
will be significantly higher with the juice obtained with cold/intermediate liming. However, 443 
the proportion of scale formed from the juice using the cold liming technique may only be 444 
marginally higher than the scale derived from juice expressed from green cane with half the 445 
trash extracted, GE.6 This is because of the higher proportion of phosphorus and suspended 446 
particles (i.e., higher turbidity). As mentioned in the previous work by the authors, the cost of 447 
cleaning the evaporators increases if phosphate scale co-precipitates with calcium oxalate and 448 
amorphous SiO2 in the No. 4 and 5 evaporators of a quintuple evaporator set.41  A high 449 
proportion of phosphate level in CJ is usually associated with high raw sugar filterability.4 450 
On the basis of the inorganic constituents of the CJ obtained by the two-stage process, 451 
the main scale compounds apart for calcium oxalate, will be calcium phosphate, calcium 452 
sulphate, and SiO2. The CJ obtained by the two-stage process contains two times and three 453 
times as much Ca2+ and sulfur, respectively, than the CJ obtained in the one-stage 454 
clarification process. As such, an increase in scaling propensity will occur if this juice is 455 
processed compared to the juice obtained by the one-stage clarification process. As, the CJ 456 
obtained with the two-stage process resulted in significantly lower turbidity than that of the 457 
one-stage clarification process, scaling in the No. I and 2 evaporators of a quintuple 458 
evaporator set will be expected to be significantly less.42 459 
An approach that needs to be explored to reduce Ca2+ ions present in the CJ obtained 460 
by the two-stage process, is to use an inorganic acidic salt (e.g., alum) instead of H2SO4 to 461 
lower the juice pH and then use an alkali (e.g., soda ash or dolomite) to slightly raise to the 462 
original value prior to liming. The removal of the flocs can either be achieved with the DAF 463 
process or the addition of higher density material micro-silica or even dirt prior to the 464 
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clarification via sedimentation. To reduce sucrose inversion, the pH level of the first stage 465 
should be lowered to between 4 and 4.5, not to 3.5 as was done in the present study. The 466 
removal of significant quantities of proteins and polysaccharides will not only reduce colour 467 
bodies in sugar process streams, but also the proportion that ends up in the sucrose crystal. 468 
This will reduce the colour of the product sugar. 469 
470 
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Figure Captions 605 
Figure 1. The formation of disordered, loosely attached, fine flocs (left) and tightly bound 606 
bridged flocs (right). 607 
Figure 2.  Schematic diagram of the Malvern Mastersizer S Particle Analyser. 608 
Figure 3.  X-ray powder diffraction patterns of calcium phosphate flocs, (a) 5 mg/kg of NaCl 609 
added to synthetic juice, (b) synthetic juice, (c) 200 mg/kg starch added to synthetic juice. 610 
Figure 4.  ATR-FTIR spectra ((i) 3800–2600 cm–1 and (ii) 1650–650 cm–1) of calcium 611 
phosphate precipitate formed during juice flocculation of synthetic juice (a) control, (b) 200 612 
mg/kg starch, (c) 25 mg/kg SiO2, (d) 5 mg/kg NaCl, and (e) 250 mg/kg phosphate. 613 
 614 
615 
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Tables 616 
Table 1. Composition of synthetic cane juice solutions. 617 
concentration 
(mg/kg) 
substance added as 
120,000 sucrose white sugar 
125  dextran Dextran 
500 starch soluble starch 
75  SiO2 sodium silicate penta-hydrate 
300  CaO Calcium hydroxide 
1,000  organic acid trans-aconitic acid 
265 P2O5 Potassium dihydrogen phosphate 
400  MgO magnesium sulfate hepta-hydrate 
 618 
Table 2. Scattering exponent (5%) and average size (5%) of flocs under the influence of 619 
Na+ ions, silica, phosphate and starch concentrations.  620 
scattering exponent average size (μm) 
Na ( mg/kg) 
2.5 2.50 150 
3.2 2.45 280 
4.2 2.30 220 
5.1 2.25 240 
SiO2 (mg/kg) 
30 
 
50 2.65 350 
80 2.60 350 
90 2.65 375 
100 2.55 380 
120 2.58 360 
150 2.58 310 
phosphate (mg/kg) 
150 2.70 220 
250 2.72 190 
300 2.69 230 
350 2.69 380 
450 2.68 370 
starch (mg/kg) 
100 2.56 390 
200 2.58 290 
300 2.58 260 
400 2.60 310 
500 2.55 270 
 621 
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Table 3. Clarification Results of Prepared WC Juicea at Tully Mill. 622 
description/ 
liming technique 
SJ 
 
prepared WC  cold liming cold/ 
intermediate 
cold liming cold/ 
intermediate 
cold liming cold/ 
intermediate 
clarification  Not treated Not treated Normal Normal Two-stage Two-stage Two-stage Two-stage 
juice pH 5.8 5.5 5.5 5.6 5.2 5.3 5.3 5.3 
additives – – – – H2SO4,  
pH 3.5 
H2SO4,  
pH 3.5 
H2SO4,  
pH 3.5 
10 mg/kg 
LT525 
H2SO4, 
pH 3.5 
10 mg/kg 
LT525 
pH after liming – – 7.1 6.2 / 7.8 7.1 6.2 / 7.8 7.1 6.2 / 7.8 
alkali vol. (mL) – – 9.8  3.8 / 12.0 13.9 11.1 / 14.2 13.4 5.0 / 13.2 
floc size (visual) – – Small Small Large Large Large Large 
settling rate, cm/min – – 30 10 Flocs floated Flocs floated Flocs floated Flocs floated 
final mud level (%) – – 30 15.0 – – – – 
turbidity (NTU) – – 15.7 29.0 5.2 6.7 4.8 8.1 
polysaccharides  
(mg/kgb) 
47,300 64,300 41,700 52,600 44,000 46,700 42,900 44,700 
proteins (mg/kgb) 2,460 15,400 6,220 7,080 3,000 5,290 2,800 5,170 
Ca (mg/kgb) 1,010 1,310 2,120 3,380 5,000 5,850 4,960 5,570 
Mg (mg/kgb) 924 1,560 1,240 1,220 1,270 1,300 1,240 1,220 
P (mg/kgb) 924 1,400 387 460 246 220 240 214 
Si (mg/kgb) 773 533 314 338 262 276 256 260 
S (mg/kgb) 840 1,150 1,170 1,220 3,490 3,660 3,490 3,510 
aComposite juice samples.  bUnits are on dry solids623 
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Figure 1 625 
        626 
 627 
 628 
 629 
 630 
Figure 2 631 
 632 
633 
 33
Figure 3 634 
 635 
 636 
Figure 4 637 
 638 
 34
 639 
 640 
 641 
 642 
 643 
644 
 35
TOC Graphics 645 
 646 
 647 
Sugar cane trash 
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